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Abstract Particle-size distribution (PSD), a measure of particle concentrations at different sizes, is of great
importance to the understanding of many biogeochemical processes in coastal marine ecosystems. Here, a
hybrid method, including analytical, semianalytical, and empirical steps, is developed to estimate PSD
through the median diameter of suspended particles (D50
v ). Four cruise surveys were conducted to measure
optical scattering properties, particle concentrations, spectral reﬂectance, and particle-size distributions
(obtained with a LISST instrument covering a size range of 2.5–500 lm) in coastal waters of Bohai Sea, Yellow Sea, and Jiangsu coastal region. Based on the Mie scattering theory, D50
v is closely related to massspeciﬁc backscattering coefﬁcient of suspended particles (bbp ), and their relationship is calibrated through a
power model (R2 5 0.796, n 5 67, p < 0.001) for the D50
v range of 23.5–379.8 lm. The model is shown to perform better than the previously used inverse-proportion model. The retrieval of bbp is through a bio-optical
model that links remote sensing reﬂectance just beneath the surface to inherent optical properties, where a
close empirical relationship is established between particulate backscattering and particle concentration.
The hybrid method shows high degree of ﬁtting (R2 5 0.875, n 5 46, p < 0.001) between the measured and
estimated D50
v for the size range of 17.2–325.2 lm used in the model calibration, while validation using two
independent data sets shows mean absolute percentage errors of 46.0% and 64.7%, respectively. Application of the hybrid method to MODIS (Moderate Resolution Imaging Spectroradiometer) data results in spatial distributions of D50
v that are generally consistent with those from in situ observations, suggesting
potential use of the method in studying particle dynamics through time series of remote sensing observations. However, its general applicability to other regions still requires further research.

1. Introduction
Particle-size distribution (PSD), a parameter to characterize particles suspended in water, is a measure of
particle volume or number concentrations at different sizes [Bader, 1970]. PSD provides important information for investigations on the structure and functioning of aquatic ecosystems, and is thus capable of serving for many oceanographic research [Xi et al., 2014], such as studies of phytoplankton function types,
sediment ﬂuxes, resuspension, aggregates, settling rates, and carbon export [Ahn, 2012; Boss and Pegau,
2001; Buesseler et al., 2007; Le Quere et al., 2005; Mikkelsen and Pejrup, 2001; Twardowski et al., 2001]. Therefore, it is of great interest to obtain PSD characteristics and their variations in both time and space.
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At present, PSD information can be obtained from measurements using several ﬁeld instruments, such as
electrical impedance particle sizers (Coulter Counter), particle imaging systems (FlowCAM), and laser diffractometers (LISST) [Anglès et al., 2008; Aurin et al., 2010; Mikkelsen and Pejrup, 2001; Reynolds et al., 2010; Slade
and Boss, 2006], which cover the particle size range of several microns to more than a hundred microns.
Although these instruments have provided valuable observations from different cruises worldwide in recent
years [Barone et al., 2015; Bowers et al., 2007; Fettweis and Baeye, 2015; Hill et al., 2011; Kostadinov et al.,
2009; Neukermans et al., 2012; Qing et al., 2014; van der Lee et al., 2009; Xi et al., 2014], the PSD data are still
scarce, therefore insufﬁcient in studying large-scale synoptic distributions of PSD and their temporal variations. Such a shortcoming may be overcome with satellite-borne platforms once appropriate algorithms are
developed and validated.
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Table 1. Summary Description of Advantages and Disadvantages of the Previous Methods for PSD Remote Sensing
Methods

Advantages

Disadvantages

Authors

Speciﬁc scattering-based method

Establishing a semianalytical relationship between bp and D50
v

Bowers et al. [2007]

Reﬂectance band-ratio method

A simple and easily operated
method, which can be straightly applied to MERIS and MODIS
data
Suitable for global large-scale
remote sensing; truly retrieving
the distribution of particle sizes

Limited by the step of deducing
bp from Rrs, since the backscattering ratio (bbp/bp) is essentially affected by particle sizes
when used as an input of this
method.
Lack of theoretical explanation,
relatively narrow particle range.

Retrieval method of parameters of
Junge-distribution model

Large retrieval uncertainties in
coastal productive waters; The
‘‘Junge distribution’’ model
sometimes shows inaccurate
simulation.

Qing et al. [2014]

Kostadinov
et al. [2009]

While many remote sensing algorithms have been published and used to map several water constituents,
such as chlorophyll a (Chla), total suspended matter (TSM), and chromophoric dissolved organic matter
(CDOM), only a few algorithms have been proposed to estimate particle sizes. Bowers et al. [2007] developed a method to estimate the geographical distribution of suspended particle size in the Irish and adjacent seas. This method is ﬁrstly based on a quasitheoretical relationship between mass-speciﬁc scattering
coefﬁcients (bp ) and sizes of suspended particles, established through an inverse-proportion function using
16 samples. This is because particle scattering properties are strongly dependent on the particle composition and PSD according to Mie theory [Mie, 1908]. Then, a semianalytical model is used to estimate speciﬁc
scattering coefﬁcients of suspended particles. This method has been applied to monthly MODIS images in
2006, and revealed spatiotemporal patterns of suspended particle sizes in the southern Irish Sea [van der
Lee et al., 2009]. Qing et al. [2014] proposed a simple empirical model to estimate particle sizes in the Bohai
Sea, which is based on the reﬂectance ratio of green (560 nm) to red (665 nm) through empirical regression
using 40 samples (R2 5 0.55).
In the above studies, the median particle diameter of the volume distribution (D50
v ), which corresponds to
the 50th percentile diameter with a half of accumulated volume concentration [Hill et al., 2011; Reynolds
et al., 2010; Xi et al., 2014], was used to represent the PSD. There are also other methods to describe the
PSD, such as the commonly used ‘‘Junge distribution’’ model [Boss et al., 2001; Buonassissi and Dierssen,
2010; Neukermans et al., 2012; Reynolds et al., 2010; Twardowski et al., 2001; Xi et al., 2014]. This model can
describe the distribution of particle concentrations at different particle sizes, and is expressed as
N’(D) 5 N’(D0)(D/D0)-n, where D0 is a reference particle diameter (in lm); N’(D) and N’(D0) (in m23 lm21) are
the differential number concentrations at D and D0; n is the PSD_slope. Based on the ‘‘Junge distribution’’
model, another method was developed to derive the particle size parameters from satellite data [Kostadinov
et al., 2009] study. In this method, the parameters N’(D0) and n are the retrieved targets that are linked to
particle backscattering coefﬁcient spectrum (bbp(k)) through Mie theory, where bbp(k) is retrieved from
satellite-derived normalized water-leaving radiance following Loisel et al. [2006].
In summary, three PSD remote sensing methods have been proposed [Bowers et al., 2007; Qing et al., 2014;
Kostadinov et al., 2009]. While they have shown success in case studies, certain limitations still exist (Table
1). For instance, the inverse-proportion relationship between bp and D50
v , deﬁned in Bowers et al. [2007]
study, needs further evaluation and recalibration when applied to other regions with different particle characteristics than those from the model development. The reﬂectance band-ratio method used in Qing et al.
[2014] study is purely empirical, thus only applicable to waters with similar particle characteristics. The model of Kostadinov et al. [2009] is based on the assumption that PSD follows the ‘‘Junge distribution.’’ However,
such an assumption may not be valid for the entire size range, as shown in several previous studies [Buonassissi and Dierssen, 2010; Ceronio and Haarhoff, 2005; Ferry et al., 2015; Xi et al., 2014]. Additionally, large
uncertainties are found when applying the Kostadinov et al. [2009] method to coastal and productive oceanic waters. Therefore, developing PSD remote sensing algorithms suitable for optically complex waters is still
a necessary and important task.
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In the present study, we present and analyze data from extensive measurements of scattering properties,
particle concentrations, spectral reﬂectance, and size distributions (obtained with a LISST, covering the size
range 2.5–500 lm) in optically complex coastal waters in Bohai Sea, Yellow Sea, and Jiangsu coastal region.
The objective of the current study is to develop a method for retrieving PSD in this large study region using
satellite ocean color data. The proposed method is hybrid in nature, built upon retrievals of particulate
backscattering which can be achieved through algorithm tuning to utilize the near-infrared (NIR) bands and
the well-known bio-optical model [Gordon et al., 1988; Lee et al., 1999, 2002], and upon the relationship
between scattering characteristics and particle sizes through Mie scattering theory. The hybrid method is
evaluated with two independent in situ data sets. Application of the method to MODIS measurements is
also demonstrated, together with discussions on its strengths and limitations.

2. Data and Methods
2.1. Study Area and Data Collection
The data used in this study were collected from four cruises (Figure 1). Two cruises were conducted during
November and May 2014 in Bohai Sea (BS) and Yellow Sea (YS), and the other two were carried out in Jiangsu coastal waters (JCW) during October 2013 and 2014. The BS, YS, and JCW are shallow, semienclosed seas
with Case II waters (i.e., optical properties dominated by water constituents other than phytoplankton, Morel
and Prieur, 1977]. The BS is the largest inner sea in this region, covering a total area of about 77,000 km2. Its
average water depth is 18 m, with the maximum depth of about 70 m in the north of the Bohai Strait, the
only passage to the YS [Wei et al., 2004]. The YS has an area about 380,000 km2 with average and maximum
depths of about 44 and 140 m, respectively [Feng et al., 1999; He et al., 2004]. The BS receives a huge
amount of suspended sediment loads from more than 17 rivers (e.g., the Yellow River). The rapid proliferation of surrounding industries, agriculture, aquaculture, and domestic sewage in the past several decades

Figure 1. Study area and cruise stations in Bohai Sea, Yellow Sea (including North Yellow Sea and South Yellow Sea, i.e., NYS and SYS), and Jiangsu coastal waters during four cruises in
November 2014, May 2014, October 2013, and October 2012, respectively. The colors indicate bathymetry.
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Table 2. Description of Four Cruise Surveys in This Studya
Cruise Date
Nov 2014
May 2014
Oct 2013
Oct 2012

Areas
Bohai sea and Yellow sea
Bohai sea and Yellow sea
Jiangsu coastal waters
Jiangsu coastal waters

Stations
67
35
20
14

Measurements
a

bp (k),

bbp(k), bbp (k), TSM, N(D), V(D), and D50
Rrs(k) , bp(k),
v
Rrs(k), N(D), V(D), and D50
v
Rrs(k), TSM, ISM, OSM, N(D), V(D), and D50
v
Rrs(k), TSM, ISM, OSM, N(D), V(D), and D50
v

a
Note that 46 valid samples (not 67 as other parameters) were obtained for Rrs(k) from the November 2014 cruise due to nonoptimal
observing conditions.

makes the BS a highly productive yet also polluted water region [Wei et al., 2004]. Similarly, the YS is also
inﬂuenced by industrial pollution, agricultural runoff, and domestic sewage [Zhang et al., 2010]. Abundant
nutrients and sediments from rivers and nonpoint sources exported to the YS, together with the effects of
winds and tides lead to low water transparency in the region. The JCW is part of the YS, but the nearshore
waters are much more turbid.
The bio-optical measurements were carried out at each station through the use of an optical proﬁling package mounted with a Sequoia LISST-100X, a WET Labs AC-S, a HOBI Labs Hydroscat-6 (HS-6), and a Seabird
SBE49 CTD. This package was slowly lowered in the water column down to a depth just above the bottom.
The LISST instrument was used to measure the size spectra of particles of up to 500 lm in size, the AC-S
was used to measure the scattering coefﬁcients of particles, and the CTD was used to measure the temperature and salinity of the water column. At each station whenever the observing condition was appropriate,
reﬂectance spectra were collected with an ASD FieldSpec spectroradiometer, while water samples were also
collected and subsequently analyzed in the laboratory to derive the suspended matter concentrations. The
collected bio-optical quantities from the four cruises are summarized in Table 2.

2.2. LISST Measurement
The PSD measurements were carried out with a LISST-100X Type-C particle size analyzer. The LISST is a commercially available instrument that measures light scattering of a particle suspension at small forwardscattering angles, and utilizes this information to estimate the PSD [Agrawal and Pottsmith, 2000]. The theoretical foundation is that the optical diffraction by spherical particles whose diameters are signiﬁcantly larger than the wavelength is assumed equivalent to diffraction by an equal-sized aperture (Fraunhofer
diffraction). Many studies have shown that LISST is capable of providing accurate estimates of PSD for various particle suspensions from inland lakes to marine waters [Ahn and Grant, 2007; Anglès et al., 2008; Aurin
et al., 2010; Gartner et al., 2001; Karp-Boss et al., 2007; Serra et al., 2001].
The LISST instrument has 32 size ranges logarithmically distributed across a continuous size spectrum from
2.5 to 500 lm [Agrawal and Traykovski, 2001; LISST-100X Particle Size Analyzer, 2013]. The upper size in each
bin is 1.18 times the lower bin, and the width of individual size classes varies from 0.45 to 76 lm. Scattered
light in the near forward-scattering angles is measured on concentric detector rings, and inversion modeling based on Mie theory yields the particle volume concentration, V(D) (in lL/L), in the 32 size bins [Agrawal
and Pottsmith, 2000]. For each size bin, there is an equivalent size, D (in lm), that is assumed to form a
volume-equivalent sphere to the unknown particle shape. This is actually the geometric average of the
upper and lower sizes of each size bin. Prior to the LISST deployment, a background measurement was carried out with MilliQ water for calibration and subsequent data processing. The V(D) data were derived using
the manufacturer-provided software LISST-SOP [LISST-100X Particle Size Analyzer, 2013]. The particle number
concentration, N(D) (in counts m23), could be derived by dividing the volume concentration measured for
each size bin by the volume of a sphere of the same diameter to obtain numbers of equivalent spherical
diameter for each size bin. The inversion equation is
NðDÞ56VðDÞ=pD3 ;

(1)

The particle concentrations (volume and number) of each size class within the whole size spectrum could
be obtained by this measurement. Each sample would thus have many volume and number concentrations
corresponding to different sizes. Using a particle concentration at a discrete size (such as N(D), where
D 5 37 lm) is one way to show the variability of particle concentrations [Buonassissi and Dierssen, 2010], but
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it only refers to one particle size. This study used the total volume and number concentrations, V(D) and
N(D), to represent particle concentrations, which were calculated by summing the quantities of all size bins.
Percentile statistics are often used to describe PSDs, which can be calculated from the various measures of
particle sizes, such as volume, number, and projected-area [Reynolds et al., 2010; Xi et al., 2014]. This study
calculated the median particle diameter of the volume distribution, D50
v , which corresponds to the 50th percentile diameter with a half of accumulated volume concentration. The parameter of D50
v carries information
of the relative concentration of small to large particles at each station. The greater the D50
v , the more dominance of large particles, and vice versa.
2.3. Optical Measurement
The WET Labs AC-S instrument has a 4 nm resolution in the range of 400–700 nm, and has a 10 cm path
length. This instrument had been calibrated with Milli-Q ultrapure water before each cruise survey. The raw
measurements were corrected for temperature and salinity effects using the method described in WET Laboratories, Incorporated [2013]. The absorption measurements were corrected for the effect of reﬂective tube
scattering following Sullivan et al. [2006]. The direct measurements of the AC-S were the absorption (a(k))
and beam attenuation (c(k)) for water constituents, which were subsequently used to derive the particle
scattering: bp(k) 5 c(k) 2 a(k). The HS-6 was used to measure particle backscattering, bbp(k), which was calibrated by the manufacturer before the cruise surveys. It measured scattering at a single angle in the backward direction at about 1408 [Mafﬁone and Dana, 1997], which could be transformed to bbp(k) through a
calibration coefﬁcient. A sigma correction was performed for correcting the path length attenuation effects
[HOBI Laboratories, Incorporated, 2012]. The mass-speciﬁc scattering and backscattering coefﬁcients, bp (k)
and bbp (k), were calculated by dividing bp(k) and bbp(k) by TSM concentrations.
Following the Ocean Optics Protocol [Mueller et al., 2003], the above-water method was used to measure
remote-sensing reﬂectance (Rrs(k)) in the present study. The ASD FieldSpec spectroradiometer covers a
spectral range of 350–1050 nm with an increment of 1.5 nm. The optical ﬁber detector was kept at about
1 m above the water surface with a long handle. To avoid the interference of ship shadow and sun glint,
the instrument was positioned at an angle of uv 1358 relative to the sun and a zenith angle of hv 408
when measuring the water and sky radiance. During each measurement, foam patches and whitecaps were
avoided. Rrs(k) was derived from these measurements following the Ocean Optics Protocol [Mueller et al.,
2003] as:
Rrs ðkÞ5ðLt 2r  Lsky Þ=ðLp  p=qp Þ

(2)

where Lt is the radiance from water; Lsky is the sky radiance; Lp is the radiance measured from a reference
panel; qp is the diffuse reﬂectance of the reference panel (provided by the manufacture); r is the surface
Fresnel reﬂectance, which is a function of wind speed (2.2% for calm weather, 2.5% for <5 m s21 wind, 2.6–
2.8% for 10 m s21 wind) [Lee et al., 1996; Mobley, 1999; Tang et al., 2004].
2.4. TSM Measurement
Three main steps, including water sample collection, on-site ﬁltration, and weighing in the laboratory, were
used to determine TSM concentration from each water sample. The water samples were collected with a
Niskin sampler, and then ﬁltered under vacuum onto the preweighed Whatman GF/F ﬁlters (47 mm diameter, 0.45 lm pore size). The samples were rinsed three times using 50 mL distilled water to remove dissolved
salts. These ﬁlters were then preserved in a low-temperature (2208C) freezer until the treatment in the laboratory. They were dried in an oven under 408C for 8 h, and weighed after they were put in a glass ware for
more than 4 h restoring to room temperature. Note that the blank and ﬁltered ﬁlters were weighed until
the difference between two successive TSM measurements from the scale readings were within 0.01 mg
L21. In order to obtain inorganic suspended matter (ISM) and organic suspended matter (OSM), the weighed
ﬁlters were subsequently placed in a mufﬂe furnace at 5008C for 1 h, and then all the organic materials
were assumed to be combusted. The ﬁlters were reweighed to obtain ISM, and the difference between TSM
and ISM was calculated to represent OSM.
2.5. Satellite Data
MODIS-Aqua data were used to demonstrate the application of the developed D50
v hybrid method in this
study. These satellite data were downloaded from the NASA Goddard Space Flight Center (http://
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oceancolor.gsfc.nasa.gov/, accessed in August 2015, reprocessing #2014.0). They contain the spectral
Rrs(k) data together with the various quality control ﬂags (e.g., atmospheric correction warning, stray
light, cloud coverage, etc.), all determined using the most updated calibration and atmospheric correction algorithms. The 1 km resolution data were used to generate monthly mean Rrs(k) for the periods of
November 2013 and November 2014, which were then used with the hybrid method to estimate PSD
distributions.
2.6. Performance Matrix
Statistical analysis was performed with MATLAB software (MathWorks Inc., Natick, MA, USA) for various biooptical parameters, such as TSM concentrations, particle number concentrations, median particle diameters,
the particulate scattering etc. The statistics included minimum, maximum, mean, standard deviation (S.D.),
and coefﬁcient of variation (CV). The performance of the developed hybrid method was assessed with
determination coefﬁcient (R2), mean absolute percentage error (MAPE), root mean square error (RMSE), and
mean ratio. They were calculated as:
MAPE5


n 
1X
 xi 2yi 

 ð100%Þ
xi
n i51

(3)

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n
1X
ðxi 2yi Þ2
RMSE5
n i51
mean ratio5

(4)

n  
1X
xi
n i51 yi

(5)

where n is the number of samples, xi is the measured value, and yi is the estimated value.

3. Results
3.1. Bio-Optical Properties
Table 3 shows the variability of bio-optical parameters, including TSM (in mg L21), ISM (in mg L21), OSM
21
2 21
21

(in mg L21), N(D) (in counts m3), D50
v (in lm), bp(550) (in m ), bp (550) (in m g ), bbp(550) (in m ),
2 21

bbp (550) (in m g ), based on data collected from the four cruises in the BS, YS, and JSW. TSM showed
large variability, ranging from 5.5 to 958.0 mg L21 with a mean of 80.7 6 153.1 mg L21. Correspondingly,
N(D) also varied in a wide range with its CV of 342.7%. The median particle diameter (50th percentile) of
the volume distribution, D50
v , ranged between 10.5 and 393.6 lm with a mean of 154.1 6 106.1 lm. The
particle scattering coefﬁcient, bp(550), varied between 0.2 and 41.8 m21, with a mean of 3.0 6 6.2 m21
and a large CV (203.2%). The mass-speciﬁc scattering coefﬁcient, bp (550), ranged between 0.02 and
0.43 m2 g21. The particulate backscattering coefﬁcient, bbp(550), also showed large variations
(CV 5 252.5%) from 0.001 to 1.298 m21. The mass-speciﬁc backscattering coefﬁcient, bbp (550), ranged
from 0.001 to 0.014 m2 g21, with a mean of 0.003 6 0.003 m2 g21. Clearly, the study region is highly
dynamic in both space and time.
Table 3. Descriptive Statistics of Measured Parametersa
Variable

Units

Min

Max

Mean

S.D.

CV (%)

n

TSM
ISM
OSM
N(D)
D50
v
bp(550)

bp (550)
bbp(550)
bbp (550)

mg L21
mg L21
mg L21
Counts m23
lm
m21
m2 g21
m21
m2 g21

5.5
10.2
1.4
3.65 3 109
10.5
0.2
0.02
0.001
0.001

958.0
882.0
76.0
1.06 3 1014
393.6
41.8
0.43
1.298
0.014

80.7
201.8
16.5
4.35 3 1012
154.1
3.0
0.15
0.078
0.003

153.1
192.3
15.2
1.49 3 1013
106.1
6.2
0.12
0.197
0.003

189.7
95.3
92.7
342.7
68.9
203.2
79.5
252.5
117.5

101
34
34
136
136
67
67
67
67

a
The mean, range (minimum and maximum), standard deviation (S.D.), variation coefﬁcient (CV), and number of samples (n) for each
parameter are provided.
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Figure 2 shows the ﬁeld-measured
Rrs(k), which also exhibit large variability in both magnitudes and spectral
shapes. The Rrs(k) spectra showed typical characteristics of turbid Case II
waters such as the low reﬂectance at
<450 nm due to absorption by CDOM
and phytoplankton, the high reﬂectance between 580 and 700 nm due to
combined effects of absorption and
backscattering of optically signiﬁcant
constituents (OSCs) and water molecules, a local reﬂectance peak near
815nm attributed to relatively smooth
NIR particulate backscattering and
local water absorption maxima around
750 nm. The reﬂectance spectra also
Figure 2. Field-measured Rrs(k) spectra during the four cruise surveys of this
study. Note the dramatic differences in both magnitudes and spectral shapes
showed decreased magnitudes from
(outlined in red) between nearshore and offshore waters.
nearshore to offshore waters, corresponding well to the decreased TSM
concentrations. These characteristics are similar to those previously reported in other turbid Case II waters
[Dall’Olmo and Gitelson, 2005; Gitelson et al., 2007; Hu et al., 2010a; Lee et al., 1994; Sun et al., 2015a,2015b;
Qiu et al., 2014].
3.2. D50
v Model Development
3.2.1. Particle Size Relating to Mass-Specific Scattering and Backscattering
It is generally acknowledged that the beam attenuation (cp), scattering (bp), and backscattering (bbp) coefﬁcients (units: m21) of suspended particles increase with concentrations [Babin et al., 2003; Boss et al., 2009a].
The mass-speciﬁc attenuation (cp ), scattering (bp ), and backscattering (bbp ) coefﬁcients (units: m2 g21) are
expected to vary with particle size and material composition (i.e., refractive index), internal structure, and
shape characteristics [Neukermans et al., 2012]. Many theoretical and experimental works have studied the
inﬂuence of particle size on cp and bp [Pak et al., 1970; Spinrad et al., 1983; Baker and Lavelle, 1984]. Based
on Mie scattering theory, small particles scatter more light than larger ones per unit mass [van de Hulst,
1957; Stramski and Kiefer, 1991]. This is due to (1) the capability of scattering is subject to the particle crosssectional area (units: m2). The larger the cross-sectional area, the greater the scattering; (2) the mass concentration is determined by the volume (units: m3) under the condition of uniform density. The mass-speciﬁc
scattering (i.e., scattering per unit mass concentration) should thus be inversely proportional to the diameters of the particles (units: lm, i.e., ‘‘particle size’’ in this study) [Bowers et al., 2007]. The mass-speciﬁc attenuation would also be inﬂuenced by particle size.cp and bp in open ocean and coastal waters have been
reported to vary over one order of magnitude, from 0.05 to 1.5 m2 g21 [Baker and Lavelle 1984; Wells and
Kim 1991; Gardner et al. 2001; Hill et al. 2011]. bp in this study showed a range of 0.02–0.43 m2 g21. Although
bp variations appeared to come from various water bodies, recent work of Boss et al. [2009b] suggested that
particulate ﬂocs (i.e., the aggregation process of mineral and organic particles) would lessen its sensitivity to
particle sizes. Some investigations also found no large variability in the mass-speciﬁc attenuation (or scattering) regarding variations of particle sizes [Bunt et al. 1999; Mikkelsen and Pejrup, 2000]. Rather, relatively tight
inverse relationships between bp and particle sizes might be present for waters with less particulate ﬂocs
[Wozniak et al. 2010]. Thus, it is difﬁcult to establish clear relationships between bp and particle sizes by a
uniform theoretical method, and accordingly experimental evidence may be a feasible way at the present
to quantify such relationships.
Limited ﬁeld measurements have been conducted to explore the relationships between bp and particle
sizes. Wozniak et al. [2010] reported a negative power function model to quantify the relationship of bp versus D50
v in the nearshore waters of Imperial Beach (California). This model showed a good ﬁt for mineraldominated samples (R2 5 0.82, n 5 15), but the model performance degraded for organic-dominated
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Figure 3. Relationships between bp (550), bbp (550), and D50
v determined from water samples (n 5 67) collected in Bohai Sea and Yellow Sea
in November 2014. (a and c) Negative power function model; (b and d) Inverse-proportion model. Apparently the relationship is nonlinear.
Note that only the relationship in C is used in this study, while other relationships in Figures 3a, 3b, and 3d are for demonstration purpose only.

samples (R2 5 0.45, n 5 8). Bowers et al. [2007] proposed an inverse-proportion model with a scaling factor
to characterize the relationship between bp and D50
v by using 16 samples in the Irish and adjacent seas.
In the current study, simultaneous measurements (n 5 67) of particle sizes and bp and bbp were conducted,
and the above two models were both tested. As for the relationship of bp versus D50
v , the determination
2
coefﬁcient (R ) for the negative power function model was 0.819 (p < 0.001) (Figure 3a), while the inverseproportion model had a R2 of 0.598 (p < 0.01) (Figure 3b). As for the relationship of bbp versus D50
v , a good
ﬁt was also found by the negative power function model (R2 5 0.796, p < 0.001), while the inverseproportion model showed a less satisfactory result (Figures 3c and 3d). Overall the parameterization for
both models is different from those originally reported for other waters [Bowers et al., 2007; Woz niak et al.,
2010], indicating possible differences in not only particle sizes but also particle composition, internal structure, and particle shapes. It is thus important to quantify the regional characteristics in the relationships
between bp , bbp , and D50
v . The ﬁndings here demonstrate that the negative power function model performed reasonably well for our study region, and thus was adopted in our study to model particle-size
distributions.
The inverse relationship between mass-speciﬁc bp (or bbp ) and particle size in Figure 3 can be well explained
using Mie theory. For a population of spherical particles with identical mean apparent density qa, bbp (or cp ,
bp ), can be written as:
Ð
p
NðDÞQbb ðD; n; kÞD2 dD
bbp
Ð
(6)
bbp 5
54
qa VC
qa p6 NðDÞD3 dD
where VC denotes the volume concentration; N(D)dD is the number of particles per unit volume in the size
range from D to D 1 dD; Qbb is the backscattering efﬁciency factor (dimensionless), which represents the
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ratio of the backscattering cross section to the geometric cross section. Considering that a particle population is composed of spheres with a uniform diameter D, equation (6) can be simpliﬁed to equation (7):
bbp 5

3 Qbb
2 qa D

(7)

Similar to particle populations, the effective backscattering efﬁciency, Qbbe (i.e., mean backscattering efﬁciency of all particles weighted by area, see equation ((3).2) in Morel 1973; Bowers et al., 2009], and the
mean particle diameter weighted by area, DA, can be deﬁned by equations (8) and (9)), respectively:
Ð
NðDÞQbb ðDÞD2 dD
Ð
(8)
Qbbe 5
NðDÞD2 dD
Ð
NðDÞD3 dD
Ð
(9)
DA 5
NðDÞD2 dD
Then, for particle populations, equation (7) can be rewritten to:
bbp 5

3 Qbbe
2 qa DA

(10)

Thus, bbp is inversely proportional to particle diameter for spherical particles of identical composition and
density [Neukermans et al., 2012]. In other words, large particles have lower backscattering efﬁciency. This
principle has actually been used by Cannizzaro et al. [2008] to differentiate large dinoﬂagellate Karenia brevis from other phytoplankton. However, in different regions, particle composition and density as well as the
relationship between Qbbe and size, wavelength, and refractive index may all change [van de Hulst, 1957],
leading to changes in such inverse relationships between bbp and particle size. Therefore, as long as these
relationships remain relatively stable in one study region, relationship between the bbp and particle sizes
(equation (5)) may be determined from the in situ data sets through semianalytical model calibration (Figures 3a and 3c).
3.2.2. Estimation of Mass-Specific Backscattering From Remote Sensing Reflectance
According to radiative transfer theory, subsurface remote sensing reﬂectance, rrs(k) (sr21), is a function of
inherent optical properties (IOPs) including total absorption a(k) (m21) and backscattering bb(k) (m21) coefﬁcients [Gordon et al.,1988]:



2
bb ðkÞ
bb ðkÞ
rrs ðkÞ5g1
(11)
1g2
aðkÞ1bb ðkÞ
aðkÞ1bb ðkÞ
Then, bb(k)/(a(k)1bb(k)) can be derived from rrs(k) as
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2g1 1 g1 2 14g2 rrs ðkÞ
bb ðkÞ
5
aðkÞ1bb ðkÞ
2g2

(12)

In the equations, g1 and g2 are wavelength independent constants of 0.0949 and 0.0794, respectively, for
oceanic Case I waters [Gordon et al., 1988] but revised to 0.084 and 0.17 for higher-scattering coastal waters
[Lee et al., 1999]. The average values from the two studies were also applied to both coastal and openocean waters [Lee et al., 2002]. The values of g1 and g2 vary with particle phase function, and therefore need
to be determined in order to determine IOPs from rrs(k). Following Lee et al. [1999], rrs(k) can be derived
from above-surface remote sensing reﬂectance Rrs(k):
rrs ðkÞ5

Rrs ðkÞ
0:5211:7Rrs ðkÞ

(13)

a(k) and bb(k) can be expressed as
aðkÞ5aw ðkÞ1aph ðkÞ1anap ðkÞ1acdom ðkÞ
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bb ðkÞ5bbw ðkÞ1bbp ðkÞ

(15)

where aw(k), aph(k), anap(k), and acdom(k) are
absorption coefﬁcients for pure seawater,
phytoplankton pigments, nonalgal particles,
and chromophoric dissolved organic matters,
and bw(k) and bbp(k) are backscattering coefﬁcients for pure seawater and particulate
matters, respectively. Considering that aw(k)
in the NIR bands (e.g., 748 and 869 nm bands
of MODIS) is signiﬁcantly higher than absorption by other constituents for most waters
[Babin and Stramski, 2002; Stramski et al.,
2007; Tassan and Ferrari, 2003], the following
equation can be derived for the NIR
wavelengths:
Figure 4. Relationship between bbp(550) and TSM determined from water
samples (n 5 67) collected in Bohai Sea and Yellow Sea in November 2014.

bb ðkÞ
bb ðkÞ

aðkÞ1bb ðkÞ aw ðkÞ1bb ðkÞ

(16)

Accordingly, bbp(NIR) can be derived from Rrs(NIR) using equations (12), (13), and (16). Then, bbp(k) in other
wavelengths can be derived from bbp(NIR) using the following power law model [Gordon and Morel, 1983;
Snyder et al., 2008; Whitmire et al., 2007]
 g
k
bbp ðkÞ5bbp ðk0 Þ
(17)
k0
where the slope g can be derived by bbp(748) and bbp(869) (e.g., for MODIS data). Once bbp(550) (matching
with the green band of HS-6 measurement) was derived using equation (17), the relationship between
bbp(550) and TSM (determined from the in situ samples collected in Bohai Sea and Yellow Sea in November
2014, Figure 4) was used to estimate bbp (550) as
bbp  ð550Þ5

1
72:08217:2792=bbp ð550Þ

(18)

3.2.3. The D50
v Model Development and Calibration
In summary, Figure 5 presents a schematic ﬂow chart of the hybrid model in this study to derive D50
v from
Rrs(k). Seven technical steps were included in this process, where the nature of each step, either analytical,
semianalytical, or empirical, is annotated in the ﬂow chart. The relationships in S6 and S7 are from empirical
regressions (equation (18) and Figure 3c) based on the in situ measurements in the BS and YS in November
2014, while other steps are from algorithm tuning to utilize the NIR bands and the well-known bio-optical
model [Gordon et al., 1988; Lee et al., 1999, 2002].

Figure 5. Schematic ﬂow chart showing the developed algorithm for deriving D50
v from Rrs(k). The step numbers are included and written
as Sx where x ranges from 1 to 7.
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Figure 6. Comparison between measured and estimated D50
v , where the estimated D50
v is from the model-calibration data collected in Bohai Sea and Yellow Sea
in November 2014. Note that 46 samples (not 67 as above) were used because
the valid reﬂectance spectra were collected less than the LISST measurements
due to nonoptimal observing conditions.

10.1002/2016JC011949

Using the ﬁeld measured Rrs(k) in the
same data set (n 5 46) collected from
the BS and YS in November 2014, D50
v
was derived and compared with those
determined from the corresponding
water samples, with results presented
in Figure 6. Although there are some
data scattering around the 1:1
line, the coefﬁcient of determination
between the measured and Rrs(k)-estimated D50
was relatively high
v
(R2 5 0.875, p < 0.001). Corresponding
MAPE and RMSE were 40.9% and 37.6
lm, respectively. Such a relatively
high calibration accuracy is partially
attributed to the two empirical relationships speciﬁcally tailored for this
region, namely bbp (550) versus D50
v
(Figure 3c) and bbp(550) versus TSM
(Figure 4). Therefore, independent
data are needed to validate the model
performance.

3.3. D50
v Model Validation and Application to MODIS
To assess the performance of the hybrid D50
v model developed in this study, two independent data sets
were used, with one collected in the BS and YS (n 5 35) in May 2014 and another from the Jiangsu coastal
waters in October 2012 and 2013 (n 5 34). Both data sets showed high R2 values (> 0.81, with p < 0.001),
with MAPE being 46.0% and 64.7% (Figure 7), respectively. Mean ratios between modeled and measured
D50
v were close to 1.0 (0.91 and 0.99, respectively). Most data scattering occurred along the 1:1 line, yes
MAPE and RMSE were higher than those in the model calibration (Figure 6), especially for particles >350
lm (see circles in Figure 7). This might be due to the absence of large-size samples in the model calibration
(Figure 6), yet the errors appeared to be systematic, suggesting that they would not impact the relative spatial or temporal patterns when applied to satellite images.
Such developed D50
v model was applied to MODIS observations corresponding to the two ﬁeld investigations in November 2013 (not used for model development in this study due to lack of Rrs data) and November 2014. Figure 8 shows two monthly averaged D50
v distributions derived from MODIS for the BS and NYS

50
Figure 7. Comparison between measured and estimated D50
v , where the estimated Dv is from two independent validation data sets. (a)
Data collected in the BS and YS in May 2014; (b) data collected in Jiangsu coastal waters in October 2012 and October 2013. Note the
underestimation for D50
v > 350 um (circled points), due possibly to the lack of high values in the model development.
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(Figure 8). In November 2013, D50
v showed low values of <80 lm in the BS and nearshore coastal waters,
and a general north-south increasing trend in the NYS. The offshore waters in the north of the NYS showed
D50
v roughly in a range of 100–200 lm, with higher values found further south of the offshore waters (>200
lm). A similar spatial distribution pattern was also found in November 2014 (Figure 8b).
Such MODIS-derived D50
v distribution patterns agreed well with those determined from the two ﬁeld surveys
during November 2013 and November 2014 (Figure 9), although the magnitude showed some degree of
discrepancy. Note that the in situ data set collected in November 2013 was not used in the model development, thus could be regarded as independent validation. Thus, these results suggest that the proposed
hybrid D50
v model may work reasonably well in deriving particle-size distribution patterns from MODIS
observations in the study region.

4. Discussion
4.1. Rationality and Limitation of the D50
v Model
In the current study, a hybrid method was developed to quantify particle-size distribution (D50
v ) from satellite measurements over the BS and YS, which essentially depends on the relationship between bbp (550)
and D50
v and on the estimation of bbp (550). Such a critical parameterization was
determined from a number
of in situ measurements,
which also showed that
both bbp (550) and bp (550)
could be used to characterize particle sizes in the study
region. Such a ﬁnding also
conﬁrmed the previous
reports for other regions
[Bowers et al., 2007, 2009;
van der Lee et al., 2009;
Wozniak et al., 2010]. On the
other hand, the inverseproportion model proposed
by Bowers et al. [2007]
appeared to perform less
satisfactorily than the negative power function model
[Wozniak et al., 2010] in our
study region after local
parameterization. Whether
from a theoretical point of
view (see Section 3.2.1) or
from in situ measurements,
close relationships would
exist between bbp (550),
bp (555) and D50
v . In this
study, we used bbp (550)
instead of bp (550) to retrieve
D50
v , as bp(550) is considered
not retrievable from remote
sensing (i.e., remote sensing
does not contain informaFigure 8. Maps of the D50
v for BS and NYS retrieved from monthly-averaged MODIS Rrs data
tion on particle forward
for (a) November 2013 and (b) November 2014. Gray represents land while white representing
scattering).
missing data due to nonoptimal observing conditions (clouds, thick aerosols, straylight, etc.).
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As the parameterization is primarily from local tuning (e.g.,
empirical relationship between
bbp(550) and bbp (550)), there
should be limitations on the
model’s transferability to regions
other than the BS and YS. This is
because the regional characterization and model inputs may
vary among different regions
owing to the large diversity and
dynamics of the in-water constituents [Babin et al., 2003; Loisel
et al., 2007; Snyder et al., 2008;
Whitmire et al., 2007; Zhang
et al., 2010]. As with any other
empirical parameterization, a
blind application without local
tuning could lead to biased
results. However, despite such
limitations, the general concept
and approach in the hybrid
method should still be valid for
most waters, and a blind application without local tuning may
still yield reasonably well distribution patterns in both space
and time even if their absolute
values may be subject to large
uncertainties.
Compared with the published
models, the proposed method
has the following characteristics (1) a theoretical foundation
Figure 9. Spatial distribution of D50
v in surface waters of BS and NYS, estimated from the
and experiment results linking
in situ data sets collected during (a) November 2013 and (b) November 2014. Stars repreparticle sizes to bbp instead of
sent the locations of in situ measurements, which were used for linear interpolation into
the whole area by MATLAB software. The color scale is the same to the MODIS color scale
bp for the purpose of remote
in Figure 8.
sensing, as bp is not retrievable
from remote sensing; (2) applicability to a wider particle size range (2.5–500 lm) than reported earlier (e.g., 0–150 lm in Qing et al.
[2014]).
Note that although the particle size distribution (D50
v ) derived from the LISST is based on forward scattering
measurement, it does show high correlations with backscattering coefﬁcient from either in situ or MODIS
observations, suggesting that depending on the study regions LISST may be used to obtain backscattering
information that is useful for remote sensing algorithm development.
4.2. Linkage Between PSD and SIOPs
D50
v refers to the 50th percentile diameter with a half of accumulated volume concentration below the
diameter [Reynolds et al., 2010; Xi et al., 2014], therefore often used to describe PSD. In essence, however,
PSD is a series of average numbers of particles under different particle size intervals for a unit volume of
suspension [Jonasz and Fournier, 2007; Reynolds et al., 2010; Xi et al., 2014]. Therefore, D50
v is simply a ballpark ﬁgure for PSD. There are more elaborate methods to describe PSD, such as Junge distribution, Gaussian or lognormal distributions, Weibull distribution, gamma function etc [Bader, 1970; Ceronio and Haarhoff,
2005; Ferry et al., 2015; Jonasz and Fournier, 1996; Risovic, 1993]. Yet it is currently difﬁcult to estimate these
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PSD functions from satellite remote
sensing. In contrast, the retrieval of D50
v
from remote sensing is more feasible.
25
75
Similar to D50
v , Dv (or Dv , Figure 10)
can also be used to characterize PSD.
Interestingly, from the in situ data sets
(n 5 247) collected during May and
November 2014, D50
showed very
v
close relationships with both D25
v and
D75
in
the
current
study
(Figures
11a
v
and 11b). This provides supporting
information that all three parameters,
which are not independent, can be
retrieved from satellite remote sensing.

50
75
min
Figure 10. Deﬁnitions of D25
and Dmax
denote the minimal
v , Dv , and Dv . Dv
v
and maximal particle sizes from the LISST observations, respectively. Red, green,
blue, and violet regions represent the accumulated volume concentrations corre25
25
50
50
75
75
max
sponding to the size ranges of Dmin
v 2 Dv , Dv 2 Dv , Dv 2 Dv , and Dv 2 Dv ,
respectively. X axis denotes particle size, and y axis represents particle volume
concentration (lL/L).

The relationships between D50
and
v
other speciﬁc IOPs (SIOPs) were examined, as SIOPs are concentrationnormalized quantities, representing
optical properties after subtracting the
effect of particle concentrations. As
shown in Figure 11c, the mass-speciﬁc

50
75
50
25
50
Figure 11. Relationships between D50
v and PSD and SIOPs. (a) Dv versus Dv ; (b) Dv versus Dv ; (c) Dv versus cnw*(555); (d) PSD_slope versus bbp_spectral_slope. Note that data in Figures 11a, 11b, and 11d were produced from the in situ data sets (n 5 247) collected during
May and November 2014. These data were not restricted to synchronous reﬂectance data, therefore representing a much larger data set
than used above for model calibration and validation. C was formed using the in situ samples (n 5 67) as in Figure 3.
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nonwater beam attenuation coefﬁcient (cnw*(k) 5 cnw(k)/TSM) was found to have a close relationship with
2
50
D50
v (R 5 0.828, p < 0.001), further supporting the concept of retrieving Dv using SIOPs.
Another commonly used method for PSD retrievals is through the ‘‘Junge distribution’’ model [Boss et al.,
2001; Buonassissi and Dierssen, 2010; Neukermans et al., 2012; Reynolds et al., 2010; Twardowski et al., 2001; Xi
et al., 2014]. A key parameter of the model is the PSD slope, n, which is generally regarded to link PSD with
the spectral slope (g) of particle backscattering or attenuation coefﬁcients through the equation of n 
g13. Boss et al. [2001] introduced a correction by an exponential ﬁt for more general cases of PSD with
ﬁnite limits. Kostadinov et al. [2009] also found a signiﬁcant deviation from linearity, and used a thirddegree polynomial ﬁt to represent the relationship between n and g. Here, the relationship between n and
g was analyzed with results shown in Figure 11d. The lack of tight correlation between the two suggests
that it would be difﬁcult to retrieve PSD for the study region through the ‘‘Junge distribution’’ model.
4.3. Mechanism of D50
v Spatial Variations
Satellite retrievals and in situ observations showed consistent spatial distribution patterns of D50
v in this
study. The BS has a shallow bathymetry (< 30m for most areas, and even < 5m for nearshore waters) that is
prone to sediment resuspension under high winds [Cui et al., 2009, 2010], which also covers the Yellow River
estuary, well known for large amounts of suspended sediment discharge [Milliman and Meade, 1983; Wang
et al., 2006]. Inorganic minerals and silts thus usually dominate suspended particles in the BS and coastal
waters [Qing et al., 2014]. Xu [2006] also reported that sediments of 10–25 lm in size were the main contributors of the Yellow River delta epeirogeny in the YS, where large-sized sediments (>25 lm) contributed
less, they were more easily deposited in the river course. Hence, ﬁne inorganic particles may explain the
low D50
v values in the BS and in most coastal waters. Such spatial patterns are also consistent with the report
of Qing et al. [2014].
For offshore regions, terrigenous sediments generally affect less the suspended particulate composition,
which is often controlled by phytoplankton. According to several previous investigations [Guo et al., 2013;
Hu et al., 2010b; Nie et al., 2014; Wei et al., 2014], dominant algae in the YS are mainly diatoms and dinoﬂagellates which are microphytoplankton with sizes of > 20 lm and up to 1 mm [Brotas et al., 2013; Stramski
et al., 2004]. Accordingly, particle sizes in the offshore YS are usually larger than those in the BS and coastal
waters. Furthermore, these also support the observed general trend that D50
v gradually increased with
increasing distance from shore. In addition, in the center of the YS, the Yellow Sea Warm Current may promote phytoplankton growth [Liu and Wang, 2009; Zhao et al., 2011], leading to higher D50
v than elsewhere.
4.4. Suggestions for Future Work
The hybrid D50
v model developed in the current study is a proof-of-concept for retrievals of particle sizes from
satellite ocean color imagery. The essence of this model depends on the close relationships between SIOPs (i.e.,
speciﬁc backscattering of particles) and particle sizes, and on the accurate estimation of SIOPs. The preliminary
success presented here is encouraging, and also providing insights on pathways for further improvements.
First, a better parameterization to link PSD with particulate scattering needs to be explored. Particle size is
generally deemed as a second-order quantity to inﬂuence light scattering [Neukermans et al., 2012; Woz niak
et al., 2010]. A close relationship between particle size and bbp*(550) was found in this study, yet the empirical relationship needs to be further assessed and even recalibrated using more in situ data sets collected
from various water types. On a theoretical basis, it is preferred to explore such relationships based on particle characteristics (particle density, composition, size, shape, and structure) and on how these characteristics
inﬂuence light scattering.
Second, more in situ PSD measurements from various water types are required, as currently the PSD data
sets are scarce although it has been realized to be of great signiﬁcance to many ﬁelds of oceanography [Xi
et al., 2014]. The PSD measurement protocols need to be improved (1) to cover a broader range of particle
sizes from submicron particles to large millimeter-sized ﬂocs that all exist in natural waters [Brotas et al.,
2013; Stramski et al., 2004], and (2) to enhance size resolution of detection and capture ﬁner features in the
PSD. The current instruments available to the community include electrical impedance particle sizers (Coulter Counter, 1–120 lm) [Reynolds et al., 2010], particle imaging systems (FlowCAM, 5–100 lm) [Reynolds
et al., 2010], and laser diffractometers (LISST, 1.25–250 lm for Type B and 2.5–500 lm for Type C), but none
of them functions over the full optically signiﬁcant size range [Neukermans et al., 2012]. Note that the LISST
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instrument used in this study measures
particles of a wider range than other
instruments although its size resolution is
lower [Reynolds et al., 2010].
Finally, accurate remote sensing retrievals
of bbp and bbp* are an essential step in
applying the hybrid D50
v method to satellite data. Figure 12 shows the comparison
between measured bbp(550) and MODISderived bbp(550) within 65 h from the
same 25 stations in the BS and YS in
November 2014. MAPE for the entire data
set is 31.4%, comparable to the general
35% requirement for Chl retrievals. Most
importantly, for the entire data range
of > two orders of magnitude, there is no
Figure 12. Comparison between ﬁeld measured and MODIS-derived bbp(550)
signiﬁcant bias, as shown by the mean
21
(m ) within 65 h from the same 25 stations in the BS and YS in November
ratio of 1.04. Deriving bbp* from bbp, on
2014. MODIS bbp(550) was estimated through Step S1–S5 using a semianalytical model (Figure 5).
the other hand, does require local calibration (Figure 4), as the type of TSM may
inﬂuence such a calibration, especially when large variability in bio-optical properties is expected [Babin
et al., 2003; Loisel et al., 2007; Snyder et al., 2008]. Nevertheless, in general, once a calibration relationship
between bbp* from bbp is established through ﬁeld work, deriving PSD from satellite measurements using
the hybrid D50
v method should be straightforward.
The relatively accurate bbp(550) retrievals from MODIS measurements (Figure 12) are partly due to accurate
calibration and atmospheric correction of MODIS data after several rounds of data reprocessing by NASA
(reprocessing #2014.0). Although atmospheric correction is well known to contain errors in turbid coastal
waters, most of these errors occur in the blue bands as they have longer distance than other bands from
the atmospheric correction bands in the NIR. In this study, the use of blue bands was avoided, thus making
the bbp(550) retrievals relatively accurate to be used in the hybrid method to estimate D50
v . Although we
have not tested MODIS bbp(550) retrievals for other turbid waters, it is speculated that similar results would
be obtained because of the relatively accurate atmospheric correction in the green and red bands.

5. Conclusion
Existing approaches to remotely estimate PSD yield high uncertainties for the Bohai Sea and Yellow Sea. A
hybrid method is developed and validated to estimate PSD in these marginal seas as well as in Jiangsu
coastal waters from MODIS measurements. A key step in the hybrid method is to relate particle size to
mass-speciﬁc backscattering coefﬁcient based on Mie scattering theory, and then to calibrate their relationship through the use of a power model (R2 5 0.796, n 5 67, p < 0.001, for the D50
v range of 23.5–379.8 lm).
With existing models to retrieve particle backscattering coefﬁcient from remote sensing [Gordon et al.,
1988; Lee et al., 1999, 2002], this hybrid method can be applied to MODIS-derived reﬂectance data to map
PSD distributions. Sample results of such an application show general agreement with those determined
from in situ observations, where MAPEs from the two independent data sets are 46.0% and 64.7%, respectively. The ﬁndings here demonstrate the feasibility of estimating PSD distributions in optically complex
waters through satellite remote sensing and regional optical modeling, while the applicability of the proposed method to other regions needs to be further investigated.

Notation
PSD
D
D50:
v
bbp
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particle-size distribution, expressed as N (D), counts m23 lm21.
particle size, lm.
median diameter of suspended particles, lm.
mass-speciﬁc backscattering coefﬁcient of suspended particles, m2 g21.
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chlorophyll a concentration, mg m23.
total suspended matter concentration, mg L21.
chromophoric dissolved organic matter.
mass-speciﬁc scattering coefﬁcient of suspended particles, m2 g21.
a reference particle diameter, lm.
differential number concentrations at D, counts m23 lm21.
Differential number concentrations at D0, counts m23 lm21.
the PSD_slope.
particle backscattering coefﬁcient at wavelength k, m21.
particle scattering coefﬁcient at wavelength k, m21.
particle volume concentration, lL L21.
Particle number concentration, counts m23.
absorption coefﬁcient at wavelength k, m21.
beam attenuation coefﬁcient at wavelength k, m21.
remote-sensing reﬂectance at wavelength k, sr21.
inorganic suspended matter concentration, mg L21.
organic suspended matter concentration, mg L21.
backscattering efﬁciency factor.
effective backscattering efﬁciency.
mean particle diameter weighted by area, lm.
mean apparent density of particles, kg L21.
subsurface remote sensing reﬂectance at wavelength k, sr21.
absorption coefﬁcient of pure seawater, m21.
absorption coefﬁcient of phytoplankton pigments, m21.
absorption coefﬁcient of non-algal particles, m21.
absorption coefﬁcient of CDOM, m21.
backscattering coefﬁcient of pure seawater, m21.
backscattering coefﬁcient of particulate matters, m21.
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